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Control of Lte1 Localization by Cell Polarity
Determinants and Cdc14
tion and bud formation (reviewed in [1–3]), cell fate deter-
minants [4–8], and proteins involved in anchoring cyto-
plasmic microtubules in the bud (reviewed in [9]).
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like GTPase CDC42 is a key early determinant of actin
polarization and bud formation. Local activation of
Cdc42 by Cdc24 leads to actin polarization through theSummary
activation of multiple effectors (reviewed in [2, 12]).
Among the Cdc42 effectors are two PAK-like proteinBackground: The putative guanine nucleotide exchange
factor Lte1 plays an essential role in promoting exit from kinases, Ste20 and Cla4, that perform partially overlap-
ping functions in the establishment of cell polarity (re-mitosis at low temperatures. Lte1 is thought to activate
a Ras-like signaling cascade, the mitotic exit network viewed in [2, 12]). Cla4 kinase is not only activated by
Cdc42, but it is also activated by mitotic cyclin-depen-(MEN). MEN promotes the release of the protein phos-
phatase Cdc14 from the nucleolus during anaphase, dent kinases (Clb-CDKs; [13, 14]); this activation causes
Cla4 kinase activity to be cell cycle regulated [13, 14].and this release is a prerequisite for exit from mitosis.
Lte1 is present throughout the cell during G1 but is Cla4 kinase is low during G1, rises during late S phase,
peaks during mitosis, and declines during exit from mito-sequestered in the bud during S phase and mitosis by
an unknown mechanism. sis [13].
Polarized growth requires not only the establishmentResults: We show that anchorage of Lte1 in the bud
requires septins, the cell polarity determinants Cdc42 of polarity cues at the site of bud formation and growth
and the transport of cargos thereto, but it also requiresand Cla4, and Kel1. Lte1 physically associates with Kel1
and requires Kel1 for its localization in the bud, sug- maintenance of these cues and cargos in the bud. The
septin ring has been shown to play a critical role ingesting a role for Kel1 in anchoring Lte1 at the bud
cortex. Our data further implicate the PAK-like protein maintaining bud-localized proteins at the bud cortex
(reviewed in [15]). The septin ring is a complex of pro-kinase Cla4 in controlling Lte1 phosphorylation and lo-
calization. CLA4 is required for Lte1 phosphorylation teins that includes Cdc3, Cdc10, Cdc11, and Cdc12
[16–18], which localizes as a ring at the incipient budand bud localization. Furthermore, when overex-
pressed, CLA4 induces Lte1 phosphorylation and local- site and encircles the mother-bud neck after bud forma-
tion. At the mother-bud neck, the septin scaffold func-ization to regions of polarized growth. Finally, we show
that Cdc14, directly or indirectly, controls Lte1 dephos- tions as a diffusion barrier, blocking the passage of bud
cortex-localized proteins to the mother cell cortex ([19,phorylation and delocalization from the bud during exit
from mitosis. 20]; reviewed in [15]).
Spatial asymmetry also plays a role in cell cycle con-Conclusion: Restriction of Lte1 to the bud cortex de-
pends on the cortical proteins Cdc42 and Kel1 and the trol. Lte1, a regulator of mitotic exit, is asymmetrically
localized [21, 22]. Lte1 is distributed throughout the cellseptin ring. Cla4 and Cdc14 promote and demote Lte1
localization at and from the bud cortex, respectively, during G1 but becomes sequestered to the bud during
S phase. Shortly before cells undergo cytokinesis, Lte1suggesting not only that the phosphorylation status of
Lte1 controls its localization but also indicating that Cla4 asymmetry is lost, and the protein is evenly distributed
throughout the mother cell and the bud [21, 22]. Lte1and Cdc14 are key regulators of the spatial asymmetry
of Lte1. has homology to guanine nucleotide exchange factors
(GEFs) for Ras-like GTPases and is required for exit
from mitosis at low temperatures [23]. Lte1 is thoughtIntroduction
to stimulate Tem1, a GTPase that functions near or at
the top of a signaling cascade known as the mitotic exitOne of the underlying principles of development is the
network (MEN), and promotes the release of the proteinasymmetric distribution of cell fate determinants during
phosphatase Cdc14 from its inhibitor, Cfi1/Net1, in thecell division to create two cells of different fates. Cell
nucleolus (reviewed in [24]). This phosphatase in turndivision in the budding yeast S. cerevisiae is inherently
promotes exit from mitosis by reversing phosphorylationasymmetric: the mother cell polarizes to form a bud
on cyclin-dependent kinase (CDK) substrates.that then separates to become the daughter cell. Many
The requirement for localization of Lte1 to the bud inproteins have been identified whose localization is re-
the regulation of exit from mitosis appears to be two-stricted to the incipient bud site and the growing bud;
fold. First, Lte1 localization to the bud helps to ensurethese proteins include those involved in bud site selec-
that exit from mitosis does not occur prior to delivery
of one chromosome complement into the bud. Tem1,1Correspondence: angelika@mit.edu
Lte1’s putative target, localizes to the spindle pole body2Present address: CNRS-UMR8542, E´cole Normale Supe´rieure, 46
rue d’Ulm, 75005 Paris, France. destined to migrate into the bud. Thus, only after chro-
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mosome segregation has been initiated is Tem1 in the is not seen in the bud cytoplasm. During exit from mito-
sis, Lte1 asymmetry was lost, and the protein becamesame compartment as Lte1 [21, 22]. Second, restricting
Lte1 to the bud may also ensure that sufficient concen- uniformly distributed throughout the mother cell and
bud (Figure 1Bf).trations of Lte1 are present to activate Tem1 once the
nucleus enters the bud. Cells lacking the actin motor The fact that Lte1 was not only cortical in medium and
large budded cells but also present in the bud cytoplasmMYO2 fail to form a bud, and the mother cell grows
unusually large [25, 26]. In such cells, Lte1 is present was particularly evident when Lte1 localization was
compared to the localization pattern of the integralthroughout the cell, but release of Cdc14 from the nucle-
olus is delayed. The delay in Cdc14 release is, to a large membrane protein Ist2 (Figure 1C; [20]). Whereas no
cytoplasmic fluorescence was observed in cells ex-extent, abolished by overexpression of LTE1 [21].
In this study, we have begun to determine the mecha- pressing an IST2-GFP fusion, significant amounts of flu-
orescence in the cytoplasm were detected in cells ex-nisms that control the localization of Lte1 at the bud
cortex. We show that anchorage of Lte1 in the bud pressing LTE1-GFP. Our findings suggest that Lte1
associates with the bud cortex in cells with small buds.depends on a functional septin ring, Cdc42, Cla4, and
Kel1. Kel1 physically interacts with Lte1, suggesting that In cells with medium and large buds, Lte1 appears to
be released from cortical anchors in the bud, whichKel1 is a component of the machinery anchoring Lte1
at the bud cortex. The protein kinase Cla4 is required leads to the uniform distribution of the protein during
late stages of telophase.for Lte1 phosphorylation and, when overexpressed dur-
ing G1, is sufficient to cause Lte1 phosphorylation and
localization to cortical regions, indicating that Cla4 regu- Bud-Specific Accumulation of Lte1 Is Largely
lates Lte1 phosphorylation and localization. Finally, we Independent of the Actin and Microtubule
show that the protein phosphatase Cdc14, directly or Cytoskeletons
indirectly, initiates Lte1 dephosphorylation and delocal- Both the actin and microtubule cytoskeletons have been
ization from the bud during exit from mitosis. We pro- shown to target proteins to regions within the cell (re-
pose that Lte1 localization is controlled by phosphoryla- viewed in [11, 27]). To determine whether actin filaments
tion and protein anchors at the cortex and that Cla4 and or microtubules were important for Lte1 delivery into
Cdc14 control the spatial asymmetry of Lte1. the bud, we examined the consequences of disrupting
these filaments by using Latrunculin A (LAT-A) and noco-
dazole, respectively. Cells were treated with hydroxy-Results
urea (HU), which arrests cells as budded cells in early
S phase. Subsequently, cells were treated with eitherLte1 Is Localized to the Bud Cortex
nocodazole or LAT-A, which caused depolymerizationand Bud Cytoplasm
of microtubules and actin filaments, respectively (dataTo gain insight into how the localization of Lte1 is regu-
not shown). Transcription of an LTE1-HA fusion waslated, we used deconvolution microscopy to examine
then induced from the GAL1-10 promoter, and the accu-in detail the localization of Lte1 fused to the green fluo-
mulation of Lte1-HA in the bud was examined over time.rescence protein (GFP). Lte1 staining appeared to be
As shown in Figures 1D and S1 (for Figure S1, see theparticulate in nature in unbudded and budded cells (Fig-
Supplementary Material available with this article on-ures 1A and 1B). The particulate nature of Lte1 staining
line), disruption of microtubules did not affect the accu-was also observed in fixed cells or cells expressing Lte1
mulation of Lte1 in the bud. Treatment of cells withtagged with 13 MYC or 3 HA epitopes (data not shown).
LAT-A caused a minor delay in the bud-specific accumu-This staining pattern indicated that it was not an artifact
lation of Lte1 (Figures 1E and S1), indicating that accu-of a particular epitope tag or fixation procedure. This
mulation of Lte1 in the bud is largely independent of aresult suggests that Lte1 associates with large struc-
functional actin cytoskeleton.tures, whose identity remains to be determined.
To examine Lte1 localization during the cell cycle, we
determined the localization of a defined pool of Lte1- Anchorage of Lte1 in the Bud Depends on Septins
To determine how Lte1 is anchored in the bud, we ana-GFP. Cells expressing an LTE1-GFP fusion from the
galactose-inducible/glucose-repressible GAL1-10 pro- lyzed Lte1 localization under conditions in which struc-
tures important for establishing asymmetry, namely, themoter as the sole source of LTE1 were arrested in G1
with -factor pheromone. Subsequently, cells were re- actin or microtubule cytoskeletons, or the septin ring,
were disrupted. We found that neither LAT-A treatmentleased into the cell cycle under conditions in which Lte1
transcription was repressed. In G1 cells, Lte1 was local- nor nocodazole treatment caused loss of Lte1 from the
bud in HU-arrested cells, in which Lte1 is already local-ized throughout the cytoplasm of cells (Figure 1Ba). In
small budded cells, Lte1 was localized primarily at the ized in the bud (Figures 2A and 2B). These results indi-
cated that neither the actin nor the microtubule cytoskel-bud cortex (Figures 1Bb and 1Bc). In cells with medium
and large buds, which are bud sizes observed when eton was required for anchorage of Lte1 at the bud
cortex.cells are in late S phase and mitosis, Lte1 staining was
also evident in the cytoplasm and was enriched in the Maintenance of Lte1 in the bud, however, required a
functional septin ring. In temperature-sensitive cdc12-6bud cytoplasm (Figures 1Bd and 1Be). This cytoplasmic
localization of Lte1 is not likely to be an artifact of satu- mutants, the septin ring is disrupted within 15 min of a
temperature shift to 37C [19]. The bud-specific localiza-rating anchors at the bud cortex due to GAL1-10 pro-
moter expression of Lte1, as in small budded cells, Lte1 tion of Lte1 was also lost in cdc12-6 mutants within 15
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Figure 1. Characterization of Lte1 Localization
(A) GAL-LTE1-GFP (A3587) cells were grown in synthetic complete medium containing raffinose and galactose (SC  Raff  Gal) for 3 hr.
Live cell images were taken and deconvolved by using Deltavision software as described in the Experimental Procedures. The image shown
is a single frame of a Volume Viewer movie generated from a Z-series consisting of 25 200 nm sections.
(B) GAL-LTE1-GFP cells (A3587) were arrested in SC  Raff medium with -factor (3 g/ml) for 2.5 hr. Galactose was added for 1 hr and 30
min to induce transcription of GFP-LTE1. Cells were then released into media lacking pheromone but containing glucose to repress the
production of the Lte1-GFP fusion. Cells were fixed and analyzed by deconvolution microscopy. The images shown represent a single section
of a deconvolved image created from a Z-series of 25 200 nm sections. The cell shown in (a) is in the G1 stage of the cell cycle and was
harvested 20 min after release from the pheromone arrest. Cells shown in (b) and (c) represent small budded cells and were harvested 40
and 60 min, respectively, after release from the G1 block. The cell shown in (d) represents cells with a medium size bud and was harvested
80 min after release. The cell shown in (e) represents large budded cells and was harvested 120 min after release. In the cell shown in (f),
bud-specific accumulation of Lte1-GFP is lost. This cell was harvested 140 min after release from the G1 block.
(C) GAL-LTE1-GFP (A3587) and GAL-GFP-IST2 (A5085) cells were grown in SC  raffinose  galactose for 3 hr and were fixed. The images
represent a single section of a deconvolved image created from a Z-series of 25 200 nm sections.
(D) A GAL-LTE1-3HA strain (A2067) was arrested with 10 mg/ml hydroxyurea (HU) for 2 hr. The culture was then split, and nocodazole (15
g/ml Noc) was added to one of the cultures. After 2 hr, galactose was added to induce expression of the LTE1-HA fusion. After 60 min (t  0),
glucose was added to repress LTE1-3HA transcription. Time points were taken at indicated times to determine the percentage of cells with
Lte1-HA concentrated in the bud.
(E) GAL-LTE1-3HA (A2067) cells were grown as described in (D), except 200 M Latrunculin A (LAT-A) was added instead of nocodazole. A
total of 30 min after LAT-A addition, transcription of LTE1-3HA was induced for 60 min, followed by repression of transcription by glucose
addition (t  30). The percentage of cells with Lte1 in the bud was analyzed at the indicated times.
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Figure 2. Maintenance of Lte1 in the Bud Requires the Septins
(A) Cells carrying an LTE1-13MYC fusion (A3717) were arrested with 10 mg/ml HU for 2 hr. Subsequently, cells were treated with 15 g/ml
nocodazole (Noc) or 200 M Latrunculin A (LAT-A) for 2 hr, and the percentage of cells with Lte1 localized to the bud was determined.
(B) Wild-type (A3717) and myo2-66 mutant (A3941) cells carrying an LTE1-13MYC fusion were arrested with 10 mg/ml HU for 2 hr at 23C.
Subsequently, cells were shifted to 37C for 2 hr, and the percentage of cells with Lte1 localized to the bud was determined.
(C) Wild-type (A1949) and cdc12-6 (A3210) strains were arrested at 23C with 10 mg/ml HU for 2 hr. Both strains were then shifted to 37C
(t  0), and samples were taken at the indicated times to determine the percentage of cells with Lte1 localized to the bud.
(D) Wild-type (A1949) and cdc12-6 (A3210) cells were arrested in HU for 2 hr and were subsequently shifted to 37C to depolymerize the
septin ring. Samples were taken at indicated times, and Lte1-HA phosphorylation status was examined by Western blot analysis. The asterisk
denotes a cross-reacting band that serves as a loading control.
min (Figure 2C). CDC12 was, however, not required for Overexpression of LTE1 caused a decline in cells with
Kel1 concentrated at the shmoo tip (Figure 3E), indicat-maintenance of Lte1 phosphorylation, as judged by the
persistence of slower-migrating forms of Lte1 through- ing that Lte1, when present at high levels, can titrate
Kel1 away from the shmoo tip.out the course experiment. (Figure 2D; [21, 28])
Kel1 not only physically interacted with Lte1, but it
was also essential for Lte1 localization at the bud cortex.KEL1 Is Required for Lte1 Localization
Lte1 was not localized in the majority of HU-arrestedat the Bud Cortex
kel1 cells, (Figure 4C) or in kel1 cells progressingWhile septins are required to restrict Lte1 to the bud, it
though the cell cycle in a synchronous manner (Figureis not likely that septins themselves anchor Lte1 in the
3C). However, deletion of KEL1 had little effect on Lte1bud, as their localization is restricted to the mother-bud
phosphorylation, as judged by Western blot analysisneck (reviewed in [15]). KEL1 has recently been shown
(Figure 3B). Cells lacking KEL2, a protein that sharesto physically interact with Lte1 [29, 30], raising the possi-
44% homology with Kel1 and forms a complex with itbility that this protein plays a role in Lte1 localization.
[31], did not exhibit defects in Lte1 localization (FigureKEL1 is required for cell fusion and wild-type cell mor-
4C). We conclude that Kel1 is found in a complex withphology and localizes to the tip of the mating projection,
Lte1 and is required for Lte1 localization to the bud.to the presumptive bud site in G1 cells, and to the bud
cortex during bud growth [31].
To investigate the role of KEL1 in localization of Lte1, CDC42 and Its Effector CLA4 Are Required for
Lte1 Localization and Phosphorylationwe first determined whether the two proteins associated
with each other. Kel1-HA was detected in Lte1-GFP CDC42 is required for the bud cortex association of
many proteins (reviewed in [2, 12]). To determineimmunoprecipitates (Figure 3A), indicating that the two
proteins form a complex. Furthermore, we found that whether CDC42 was required for the maintenance of
Lte1 in the bud, we arrested temperature-sensitiveoverexpression of LTE1 caused a change in the localiza-
tion of Kel1. In -factor-arrested cells, Lte1 is present cdc42-17 cells with HU at the permissive temperature
(20C) and examined Lte1 localization upon shift of cellsthroughout the cell, whereas Kel1 is concentrated at the
tip of the mating projection (shmoo tip; [21, 22, 31]). to 37C, the restrictive temperature of the cdc42-17 mu-
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Figure 3. Kel1 Forms a Complex with Lte1 and Is Required for Its Localization to the Bud Cortex
(A) Cells containing a GAL-LTE1-GFP fusion (A3587), a KEL1-3HA fusion (A6524), or both GAL-LTE1-GFP and KEL1-3HA (A6526) were grown
in YEP  raffinose and were induced with 2% galactose for 3 hr. Cells were then harvested, and Lte1-GFP was immunoprecipitated by using
anti-GFP antibodies as described in the Experimental Procedures. The presence of Kel1-HA in the immunoprecipitates was subsequently
detected by Western blot analysis.
(B–D) Wild-type cells (A3717) and cells deleted for KEL1 (A5479), both carrying LTE1-13MYC, were arrested in G1 by the addition of -factor
pheromone (5 g/ml) for 2 hr. Cells were then released into media lacking pheromone, and samples were taken at the indicated times to
analyze (B) Lte1-MYC protein levels, (C) the percentage of budded cells and the percentage of cells with Lte1 localized in the bud, (D) and
the percentage of cells with metaphase and anaphase spindles.
(E) Wild-type (A6524) and GAL-LTE1 (A6525) cells carrying a KEL1-3HA fusion were arrested with -factor pheromone (5 g/ml) for 2 hr.
Overexpression of LTE1 was induced for 3 hr by the addition of galactose, and the percentage of cells with Kel1-HA localized to the shmoo
tip was determined.
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tant. Figure 4A shows that localization of Lte1 at the the only copy of CLA4 present in the cell, and thus no
localization or phosphorylation of Lte1 is observed priorbud cortex was already compromised at the permissive
temperature and was lost even further upon temperature to galactose addition). Association of Lte1 with the
shmoo tip, but not Lte1 phosphorylation caused by over-shift. Gladfelter et al. [32] have previously shown that
the cdc42-17 allele does not affect the septin ring struc- expressed CLA4, was significantly reduced when KEL1
was deleted (Figure 5), indicating that localization ofture in this type of experiment, suggesting that CDC42
does not regulate Lte1 localization solely through its Lte1 induced by CLA4 required KEL1.
role in establishing a stable septin ring. Interestingly,
inactivation of CDC42 also led to the disappearance Lte1 Is Dephosphorylated and Delocalized
of phosphorylated Lte1 (Figure 4B). This decrease of from the Bud during Exit from Mitosis
phosphorylated Lte1 is not a consequence of loss of Having identified some of the proteins that are required
Lte1 from the bud, as Lte1 remains phosphorylated in for Lte1 phosphorylation and localization to the bud
cdc12-6 mutants, despite the protein being delocalized cortex, we next asked how Lte1 phosphorylation and
(Figures 2C and 2D). The reason why Lte1 protein levels localization are lost during exit from mitosis. We first
also decline at 37C in the HU arrest is at present unclear established the exact time during mitosis when Lte1
but may be due to enhanced protein turnover at this phosphorylation and localization from the bud were lost.
temperature. Lte1 was also not phosphorylated in Cells were arrested in late anaphase by using a cdc15-2
cdc42-17 cells progressing through the cell cycle in a mutation [36]. Upon release from the cdc15-2 block,
synchronous manner (Figures 4E and 4F), indicating that kinase activity associated with the mitotic cyclin Clb2
Lte1 phosphorylation and localization depend on declined within 21 min (Figure 6C). Lte1 was dephos-
CDC42 throughout the cell cycle. phorylated, as judged by a decrease in Lte1 mobility,
Next, we determined whether known effectors of 35 min after release from the cdc15-2 block (Figure 6B).
Cdc42 were required for Lte1 localization in the bud. Loss of Lte1 from the bud occurred at the same time
Bni1 is an effector of Cdc42 (reviewed in [2, 12]) and (Figure 6A).
has recently been shown to nucleate actin filaments
[33, 34]. Deletion of neither BNI1 nor STE20, another
Overexpression of CDC14 Is Sufficient to Inducedownstream effector of CDC42, affected Lte1 localiza-
Lte1 Dephosphorylation and Loss of Lte1tion or phosphorylation (Figures 4C and 4D; data not
from the Bud Cortexshown). Deletion of CLA4, in contrast, resulted in com-
Lte1 is dephosphorylated during exit from mitosis whenplete delocalization of Lte1 from the bud (Figure 4C).
the protein phosphatase Cdc14 is activated. This obser-Furthermore, Lte1 was not significantly phosphorylated
vation prompted us to investigate whether Lte1 dephos-in exponentially growing cla4 cells (Figure 4D) or in
phorylation depended on CDC14. Indeed Lte1 wascla4 cells progressing through the cell cycle in a syn-
highly phosphorylated in cdc14-3 mutants and cdc15-2chronous manner (Figures 4G and 4H). Interestingly, the
mutants when Cdc14 was inactive and was little, if atprotein levels of the mitotic cyclin Clb2, which were
all, phosphorylated when Cdc14 was hyperactive dueexamined to monitor cell cycle progression, were ele-
to deletion of its inhibitory subunit CFI1/NET1 (Figurevated in cells lacking CLA4, suggesting that this mutant
6D). Furthermore, overexpressing CDC14 in S phase-has difficulties in inactivating mitotic CDKs, a key aspect
arrested cells, when Lte1 is phosphorylated, causedof exit from mitosis (see below). Our results show that
dephosphorylation of Lte1 (Figure 6E), showing thatCDC42 and CLA4, but not STE20 and BNI1, are required
overexpression of CDC14 is sufficient to induce Lte1for Lte1 phosphorylation and localization to the bud.
dephosphorylation. The kinetics of Lte1 dephosphoryla-
tion upon overexpression of CDC14 was similar to that
observed for the Cdc14 substrate Bfa1 [37].Overexpression of CLA4 Is Sufficient to Induce
Lte1 Localization and Phosphorylation As soon as Lte1 dephosphorylation occurred due to
overexpression of CDC14, bud-specific localization ofAs CLA4 is required for septin ring function [35], which
we have shown to be required for maintenance of Lte1 Lte1 was lost (Figure 6F). Lte1 was, however, not de-
phosphorylated in cdc12-6 or kel1 mutants (Figuresin the bud, the effect of CLA4 on Lte1 localization could
be indirect. To determine whether CLA4 plays a more 2D and 3B), indicating that loss of phosphorylation is
not a consequence of loss of Lte1 from the bud cortex.direct role, we asked whether overexpression of CLA4
could induce Lte1 phosphorylation and localization. In The finding that the localization of another bud-specific
protein, She3 [6, 7], whose localization also depends oncells arrested in G1 with -factor, Lte1 is neither highly
phosphorylated nor localized to a distinct region within septins, was not affected (Figure S2A and S2B) excluded
the possibility that overexpression of CDC14 caused athe cell [21, 28]. -factor-arrested cells are, however,
polarized, as many polarity determinants localize to the general loss of bud-specific proteins. Furthermore, the
septin ring structure was not grossly affected, and septinshmoo tip (reviewed in [1–3]). Overexpression of CLA4
from the galactose-inducible GAL1-10 promoter in ring splitting was not induced by high levels of Cdc14,
as judged by the localization pattern of a Cdc12-GFP-factor-arrested cells led to partial phosphorylation of
Lte1 (Figure 5C) and caused the protein to localize to (Figure S2C; data not shown). Our results show that high
levels of Cdc14 are sufficient to cause the loss of bud-the shmoo tip in 30% of cells (Figure 5A). In HU-arrested
cells, expression of CLA4 from the GAL1-10 promoter specific localization of Lte1. However, we have not been
able to test whether Cdc14 can dephosphorylate Lte1caused a higher degree of Lte1 phosphorylation and
bud localization (Figure 5B). (Note that GAL-CLA4 is in vitro. Thus, we cannot exclude the possibility that
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Figure 4. CDC42 and CLA4 Are Required for Lte1 Localization to the Bud Cortex and Lte1 Phosphorylation
(A and B) Wild-type (A3717) and cdc42-17 (A5556) cells carrying a LTE1-13MYC fusion were arrested for 2 hr with HU (10 mg/ml) at 20C. (A)
The cells were then shifted to 37C while maintaining the HU arrest, and the percentage of cells with Lte1 asymmetrically localized to the bud
was quantitated by indirect immunofluorescence for each time point indicated. (B) The phosphorylation status of Lte1 was also monitored
by Western blot analysis. Kar2 is shown as a loading control.
(C) Wild-type (A2587), kel1 (A5479), kel2 (A5481), cla4 (A5718), and ste20 (A6125) cells carrying an LTE1-13MYC fusion were grown to
exponential phase, and the percentage of cells in which Lte1 was localized at the bud cortex was determined.
(D) Wild-type (A1949) and cla4 (A5718) cells with an LTE1-3HA fusion and wild-type (A3717) and ste20 (A6125) cells carrying an LTE1-
13MYC fusion were grown to exponential phase, and the phosphorylation status of Lte1 was determined by Western blot analysis.
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CDC14 is required for activation of a yet to be identified little if any role in creating Lte1 asymmetry. What mecha-
nisms could be responsible for accumulation of Lte1 inprotein phosphatase that dephosphorylates Lte1.
the bud? Selective degradation of Lte1 in the mother
cell is not likely to be responsible. In cdc12-6 or kel1The Roles of KEL1 and CLA4 in Exit from Mitosis
mutants, where Lte1 is no longer concentrated in theThe observation that KEL1 and CLA4 regulate the local-
bud, the protein is found to be evenly distributed be-ization of Lte1 prompted us to investigate the conse-
tween mother cell and bud. Perhaps a diffusion-capturequence of inactivating these genes on exit from mitosis
mechanism, whereby Lte1 diffuses throughout the cyto-at low temperatures (14C). Cdc14 release from the nu-
plasm and is captured by anchors in the bud, promotescleolus and mitotic spindle disassembly were to some
Lte1 localization.extent impaired in kel1 cells progressing through the
cell cycle at 14C (Figure 7A). This finding indicates that
either a critical concentration of Lte1 in the bud was Anchorage of Lte1 in the Bud
necessary for efficient exit from mitosis or that KEL1 The septins, which function as a diffusion barrier at the
was also required for the function of Lte1 or other MEN bud neck [19, 20], are required to maintain Lte1 in the
components. bud. However, it is not likely that septins themselves
Inactivation of CLA4 had a much more dramatic effect anchor Lte1 therein, as septins localize solely to the
on cell cycle progression than deletion of KEL1. At 14C, mother-bud neck. Could Kel1 be an Lte1 anchor in the
cla4 cells were severely delayed in release of Cdc14 bud? We believe so. Kel1 can be coimmunoprecipitated
from the nucleolus and mitotic spindle disassembly (Fig- with Lte1 ([29, 30]; Figure 3A). Furthermore, deletion of
ure 7C; [38]). The finding that exit from mitosis was KEL1 significantly reduced the accumulation of Lte1 in
moderately delayed in kel1 cells, but severely delayed the bud. It is also clear, however, that an association of
in cells lacking CLA4, indicates that CLA4 not only regu- Lte1 with Kel1 cannot be the sole determinant of Lte1
lates Lte1 localization but also other aspects of mitotic localization. First, Lte1 localization is not completely
exit. We conclude that Kel1 and Cla4 are important for abolished in kel1 cells. Second, Lte1 does not localize
exit from mitosis at low temperatures. to the presumptive bud site during G1, nor is it enriched
at the shmoo tip. It is, thus, possible that Kel1 regulates
Lte1 localization indirectly by controlling anchors of Lte1Discussion
in the bud. Alternatively, owing to the relationship we
observe between bud localization of Lte1 and Lte1 phos-The localization of Lte1 is thought to play a role in regu-
phorylation, we speculate that Lte1 phosphorylationlating MEN. The restriction of Lte1 to the bud and the
could contribute to the localization of the protein.asymmetric localization of Tem1 to the daughter-bound
Whether KEL1 also regulates the exchange activity ofspindle pole body (SPB) helps to couple nuclear migra-
Lte1 is an important question that remains to be ad-tion to mitotic exit: Tem1 can only be activated by Lte1
dressed. Clearly, kel1 cells retain some Lte1 activity,when the daughter-bound SPB enters the bud [21, 22].
as this mutant does not arrest in telophase at 14C, asBud-specific accumulation of Lte1 is also important to
lte1 cells do. However, Cdc14 release from the nucleo-concentrate the protein therein to ensure efficient acti-
lus and exit from mitosis were delayed in the mutant,vation of Tem1 [21]. Here, we investigate how Lte1 local-
raising the possibility that either LTE1 is not fully func-ization is regulated. We show that Lte1 anchorage at
tional or that KEL1 regulates some other aspect of mi-the bud cortex depends on septins, CDC42, CLA4, and
totic exit.KEL1. We further show that CLA4 is required for Lte1
phosphorylation and that the phosphorylation status of
Lte1 affects its ability to localize to regions of polarized Cdc42 and Cla4 Regulate Lte1 Phosphorylation
growth. The protein phosphatase Cdc14 appears to an- and Localization
tagonize Lte1 phosphorylation and its association with The experimental conditions chosen to determine
the bud cortex, suggesting that CDC14 controls the spa- CDC42’s role in Lte1 localization did not affect septin
tial asymmetry of Lte1 localization. Finally, we show structure [32], indicating that CDC42 is directly regulat-
that Kel1 and Cla4, likely through the regulation of Lte1, ing Lte1 anchorage at the bud cortex. The finding that
control exit from mitosis. Lte1 is not localized in cells lacking CLA4, however,
could be explained by CLA4’s role in septin ring forma-
tion, which, in turn, is required for confining Lte1 to theInitial Capture of Lte1 at the Bud Cortex
Lte1 accumulation in the bud was largely unaffected bud [35]. The observation that overexpression of CLA4
is sufficient to target Lte1 to the shmoo tip in -factor-when actin filaments were disrupted by LAT-A treat-
ment. This finding indicates that active transport plays arrested cells where Lte1 is normally diffuse suggests
(E–H) (E and F) Wild-type (A3717) and cdc42-17 (A5556) cells with an LTE1-13MYC fusion were arrested with 5 g/ml -factor pheromone at
20C for 2 hr. Cells were then released into media lacking pheromone at 37C to inactivate cdc42-17, and samples were taken at the indicated
times. (E) Lte1-MYC phosphorylation status, Clb2 protein levels, and Clb2 kinase activity using histone H1 as a substrate. The percentage of
metaphase and anaphase spindles is graphically represented in (F). Kar2 serves as a loading control. (G and H) Wild-type (A1949) and cla4
(A5718) cells with an LTE1-3HA fusion were arrested with 5 g/ml -factor pheromone at 25C for 2 hr. Cells were then released into media
lacking pheromone, and samples were taken at the indicated times to examine (G) Lte1-HA protein phosphorylation status, (G) Clb2 protein
levels, and (H) the percentage of cells with metaphase and anaphase spindles. The asterisk indicates a cross-reacting band that serves as a
loading control.
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Figure 5. Overexpression of CLA4 Is Sufficient to Induce Lte1 Phosphorylation and Localization
(A–C) Wild-type cells (A3717), GAL-CLA4::cla4 (A6023), and GAL-CLA4::cla4 kel1 (A6507) cells containing an LTE1-13MYC fusion were
arrested with either 5 g/ml -factor pheromone or 10 mg/ml HU for 2 hr. 2% galactose was then added to induce the overexpression of
CLA4 while the arrests were maintained for the duration of the experiment. Samples were taken at the indicated times, and the (A and B)
percentage of cells containing Lte1 in the bud and the (C) phosphorylation status of Lte1 were examined. (B) shows the localization of Lte1
as detected by indirect immunofluorescence of both wild-type and GAL-CLA4 cells arrested with -factor pheromone after a 3-hr galactose
induction. Spindle morphology and DNA masses were visualized with an antibody against -tubulin and 4’6-diamidino-2-phenylindole (DAPI),
respectively.
otherwise. It is possible that ectopic overexpression of CLA4 is involved in anchoring Lte1 at the cortex inde-
pendently of the septins and that CDC42 exerts its func-CLA4 enables the septin ring to behave as a diffusion
barrier around the shmoo tip. We favor the idea that tion in Lte1 localization through CLA4.
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Figure 6. Loss of Lte1 Localization from the Bud Cortex Is Controlled by CDC14
(A–C) cdc15-2 (A3789) cells carrying a LTE1-13MYC fusion were incubated for 2 hr at 37C to arrest cells in telophase. Subsequently, cells
were transferred into 23C medium, and (A) the percentage of cells with telophase spindles and Lte1 localized to the bud was analyzed at
the indicated times. (B) The phosphorylation status of Lte1 was monitored by Western blot analysis. (C) Inactivation of Clb2-associated kinase
activity was assayed by using Histone H1 as a substrate.
(D) Wild-type (A1949), cdc15-2 (A1960), and cdc14-3 (A2252) cells carrying an LTE1-HA fusion were incubated at 37C for 2 hr, and Lte1
phosphorylation was examined by Western blot analysis (blot on the left). Wild-type (A3717) and cfi1 (A3958) cells carrying an LTE1-13MYC
fusion were harvested for Western blot analysis, and Lte1 migration was analyzed (blot on the right). Kar2 was used as a loading control.
(E and F) Wild-type (A3717) and GAL-CDC14 (A3848) cells containing an LTE1-13MYC fusion were arrested in HU for 2 hr. GAL-CDC14
transcription was then induced by the addition of galactose while the HU arrest was maintained. Samples were taken to (E) analyze Lte1
phosphorylation by Western blotting and (F) the percentage of cells with Lte1 localized to the bud.
How does Cla4 regulate Lte1 localization? Cla4 could Second, Lte1 phosphorylation is low in cells lacking
CLA4. Finally, overexpression of CLA4 is sufficient todirectly anchor Lte1 at cortical regions or could play a
regulatory role in this process. Cla4 protein is present induce Lte1 phosphorylation in stages of the cell cycle
at which the protein is normally not phosphorylated. Theand localized to shmoo tips in pheromone-arrested
cells, but its kinase activity is low during this stage of phosphorylation of Lte1 induced by overexpression of
CLA4 was less pronounced in -factor- than in HU-the cell cycle [13, 35]. If Cla4 were simply an anchor for
Lte1 at the bud cortex, Lte1 should be localized to arrested cells. This could mean that overexpression of
CLA4 only partially overcomes the mechanisms thatshmoo tips, but Lte1 is diffuse in -factor-arrested cells.
Furthermore, overexpression of CLA4 in stages of the keep its kinase activity low during G1. Alternatively,
other protein kinases could contribute to Lte1 phosphor-cell cycle at which its kinase activity is normally low is
sufficient to induce Lte1 phosphorylation and localiza- ylation. Lte1 phosphorylation has been shown to be
decreased in mutants defective for the polo kinasetion. We, therefore, believe that it is Cla4’s catalytic
activity rather than the presence of the protein per se CDC5 [28]. As Lte1 phosphorylation is higher in states
of high Clb-CDK activity, Clb-CDKs could also contrib-that is important for Lte1 anchorage in the bud. It is of
course also possible that Cla4 acts both as an anchor ute to Lte1 phosphorylation.
Cells lacking CLA4 were severely delayed in telo-and a regulator of Lte1 localization. Once the kinase
function of Cla4 is activated, Cla4 could phosphorylate phase, indicating that CLA4 was required for exit from
mitosis at low temperatures. The defect in exit fromLte1 as well as tether it at the bud cortex.
Several lines of evidence suggest that CLA4 is not mitosis in the cla4mutant is not solely due to Lte1 being
mislocalized. In kel1 cells, where Lte1 is delocalized,only required for Lte1 localization at the bud cortex but
is also required for Lte1 phosphorylation. First, mirroring Cdc14 release from the nucleolus and exit from mitosis
are modestly delayed compared to cla4 cells. ThisLte1 phosphorylation, Cla4 kinase activity is low during
G1 and the early stages of S phase, accumulates as indicates that CLA4 has roles in exit from mitosis other
than anchoring Lte1 in the bud. CLA4 could regulatecells complete S phase, is high during mitosis, and de-
clines as cells exit from mitosis ([13, 21, 28]; Figure 6B). proteins other than Lte1 during exit from mitosis. Alter-
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Figure 7. KEL1 and CLA4 Are Required for Efficient Exit from Mitosis
(A) Wild-type (A1411) and kel1 (A6108) cells carrying a CDC14-HA fusion were arrested with 5 g/ml -factor pheromone in YEP  raffinose
medium at 25C. Cells were then released into media lacking pheromone at 14C, and the percentage of cells with Cdc14 released from the
nucleolus (circles), metaphase spindles (squares), and anaphase spindles (triangles) was determined.
(B) Wild-type (A3298) and cla4 (A6556) cells carrying a CDC14-13MYC fusion were arrested with 5 g/ml -factor pheromone at 30C. Cells
were then released into media lacking pheromone at 14C, and the percentage of cells with Cdc14 released from the nucleolus (circles),
metaphase spindles (squares), and anaphase spindles (triangles) was determined.
natively, CLA4 could not only regulate Lte1 localization quences of mutating the phosphorylated residues in
Lte1 to amino acids that can no longer be phosphory-and phosphorylation, but also exchange activity.
lated and to then examine the effects of these mutations
on Lte1 localization. This analysis is complicated by theA Correlation between Lte1 Phosphorylation
fact that Lte1 is a very large protein (170 kDa), and weand Localization
were thus far unable to eliminate all phosphorylatedWe find that, when Lte1 is phosphorylated, it localizes
residues in Lte1 (A.S., unpublished data).to the bud, and when it is dephosphorylated, it is present
uniformly throughout the cell. When Lte1 dephosphory-
lation is induced by overexpressing CDC14, the bud- A Model for the Regulation of Lte1 Localization
We would like to propose a model in which Lte1 localiza-specific localization of the protein is lost. Conversely,
when CLA4 is overexpressed in -factor- arrested cells, tion is regulated by at least two determinants: proteins
that anchor Lte1 at the bud cortex and phosphorylationLte1 becomes partially phosphorylated and localized to
the shmoo tip. One possibility is that phosphorylation/ of Lte1 itself. Anchorage of Lte1 at the bud cortex re-
quires septins, Kel1, and phosphorylation of Lte1 medi-dephosphorylation induces changes in the structures
responsible for anchoring Lte1 in the bud. However, ated by the kinase Cla4. Once in the bud, Lte1 appears
to be maintained in a strictly cortical manner during theoverexpression of CDC14 in HU-arrested cells did not
lead to a general loss in bud-specific protein accumula- early stages of the cell cycle but becomes increasingly
cytoplasmic during the later cell cycle stages. It appearstion, as She3 localization was not perturbed by high
levels of Cdc14. Another possibility that we were able that the protein is being “released” from its cortical an-
chors. We propose that Cdc14 induces dephosphoryla-to exclude was that loss of Lte1 from the bud causes
dephosphorylation of the protein, as Lte1 was not de- tion of Lte1, which triggers the release of Lte1 from
cortical anchors in the bud. Dephosphorylated cyto-phosphorylated in cdc12-6 or kel1 cells, where Lte1
localization is lost. Based on these observations, we plasmic Lte1, which is not restricted by the cortical sep-
tin barrier, then diffuses throughout mother and daugh-favor the idea that the phosphorylation status of Lte1
itself determines the protein’s localization. The key test ter cell cytoplasm, leading to equal distribution of Lte1
prior to cytokinesis.of this hypothesis would be to examine the conse-
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create three-dimensional movie frames, VolumeViewer was usedWe further suggest that Cdc14, whose activity oscil-
after deconvolution. For fixed cell imaging, cells were fixed for 10lates throughout the cell cycle, is employed to create
min in 2% formaldehyde. Cells were then washed in 0.1 M potassiumchanges in the spatial distribution of Lte1. Another tem-
phosphate buffer (pH 6.6) and resuspended in the same. Microscopy
poral oscillator, CDK activity, has previously been impli- was performed as for live cells.
cated in creating asymmetry. In Drosophila melanogas-
ter, the neural progenitor determinant Inscuteable Supplementary Material
Supplementary Material including additional data regarding bothlocalizes to the apical cortex of the cell, and the mainte-
the transport of Lte1 into the bud and the consequences of overex-nance of this localization during mitosis requires CDC2
pressing CDC14 on She3 and septin localization is available at http://activity [39]. Thus, it may well be that employing a tem-
images.cellpress.com/supmat/supmatin.htm.
poral oscillator in creating spatial asymmetry is a com-
mon theme in the regulation of cell division. Acknowledgments
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